Two experiments were conducted to study the effects of β-glucanase produced by transformed Lactobacillus strains on the intestinal characteristics and feed passage rate of broiler chickens fed barley-based diets. Supplementation of transformed Lactobacillus strains to the diet of chickens significantly (P < 0.05) reduced the intestinal fluid viscosity by 21 to 46% compared with chickens fed an unsupplemented diet or a diet supplemented with parental Lactobacillus strains. The relative weights of pancreas, liver, duodenum, jejunum, ileum, ceca, and colon were reduced (P < 0.05) by 6 to 27%, and (Key words: transformed Lactobacillus, β-glucanase, intestinal characteristic, feed passage rate, chicken) 2005 Poultry Science 84:734-741 Abbreviation Key: BD = basal diet; BDP = basal diet with parental strains of Lactobacillus; BDT = basal diet with transformed strains of Lactobacillus; NSP = nonstarch polysaccharides.
INTRODUCTION
The use of fungal and microbial enzymes to overcome the negative effects of nonstarch polysaccharides (NSP) in the diet of animals, especially monogastric animals, has been the subject of study for decades. Microbial enzyme preparations such as xylanase, β-glucanase, cellulase, αamylase, protease, and phytase are found to circumvent the adverse effects of NSP in the diet and increase the performance of animals (Lazaro et al., 2003; Mathlouthi et al., 2003) . Although the efficacy of feed enzymes is well established, the full potential of supplemented enzymes is yet to be achieved. It is known that part of the feed enzyme supplemented in animal diets is destroyed during feed processing. As much as 80% of the enzyme activity has been reported to be lost under the feedmill conditions (Inborr and Bedford, 1994) . In addition, it is quite likely that a portion of the enzyme is inactivated by the acidic and proteolytic conditions of the gastrointestinal tract.
In order to expand the usefulness of feed enzymes, new forms of enzymes should be made available. For instance, enzymes from sources other than those currently used, 2005 Poultry Science Association, Inc. Received for publication August 9, 2004 . Accepted for publication December 30, 2004. 1 To whom correspondence should be addressed: ccsieo@ fsas.upm.edu.my.
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the relative length of duodenum, jejunum, ileum, and ceca was reduced (P < 0.05) by 8 to 15%. Histological examination of the intestinal tissues showed that the jejunal villus height of chickens fed a diet supplemented with transformed Lactobacillus strains was significantly (P < 0.05) higher than that of chickens fed other dietary treatments. The transformed Lactobacillus strains were found to reduce (P < 0.05) the time of feed passage rate by 2.2 h. Supplementation of transformed Lactobacillus strains to the diet improved the intestinal characteristics and feed passage rate of the chickens.
which possess properties such as high level of resistance to inactivation by heat, low pH, and proteolytic enzymes should be considered. Alternatively, enzymes could be tailor-made through DNA recombinant technology. This powerful technology, coupled with site-directed mutagenesis, will allow the production of enzymes tailored to the specific requirements of the target animal. It involves using a microorganism as the expression system to produce the enzyme. The enzyme could be cloned into a microorganism that could directly deliver the enzyme to the site of action, preferably the intestine, in which most of the digestion of feed and absorption of nutrients occur. Lactobacillus, a normal microflora of the gastrointestinal tract, which has been granted GRAS (generally regarded as safe) status, has been identified as a potential candidate for delivering heterologous information into a foreign host (Kullen and Klaenhammer, 1999) .
The present study was conducted to investigate the ability of 6 transformed Lactobacillus strains carrying a heterologous β-glucanase gene to express the enzyme in chickens, and to study the effect of the expressed enzyme on the intestinal characteristics (length and weight of gastrointestinal segments, villus height and crypt depth of intestinal tissues, and intestinal fluid viscosity) and feed passage rate of chickens.
MATERIALS AND METHODS

Preparation of Parental and Transformed Lactobacillus Strains as Feed Supplement
Six parental Lactobacillus strains (L. crispatus I12, L. brevis I23, L. fermentum I25, L. brevis I211, L. brevis I218, and L. brevis C10C) isolated from the gastrointestinal tract of local broiler chickens (Jin et al., 1996) or 6 transformed Lactobacillus strains (L. crispatus I12pSA3b6, L. brevis I23p-SA3b6, L. fermentum I25pSA3b6, L. brevis I211pSA3b6, L. brevis I218pSA3b6, and L. brevis C10CpSA3b6) were used as feed supplements. The transformed Lactobacillus strains harbored a plasmid carrying a bglA gene encoding βglucanase (EC 3.2.1.73; 1,3-1,4-β-glucan-4-glucanohydrolase) from Bacillus amyloliquefaciens. The β-glucanase enzyme specifically hydrolyses glucans containing a mixture of β-1,3 and β-1,4 linkages, such as lichenan and barley β-glucan (Borris et al., 1985) . The feed supplement was prepared by inoculating de Man, Rogosa, Sharpe (MRS) broth with a mixture of strains. The inoculum concentration for 4 parental strains, namely, L. crispatus I12, L. brevis I211, L. brevis I218, and L. fermentum I25, and 4 transformed strains, L. crispatus I12pSA3b6, L. brevis I211pSA3b6, L. brevis I218pSA3b6, and L. fermentum I25p-SA3b6 was 1% (vol/vol). For parental strain L. brevis C10C and transformed strain L. brevis C10CpSA3b6, the inoculum concentration was 0.5% (vol/vol), and for parental strain L. fermentum I23 and transformed strain L. fermentum I23pSA3b6, it was 2% (vol/vol). The inoculated de Man, Rogosa, Sharpe broth was then incubated overnight at 39°C under anaerobic conditions. The cells were harvested by centrifugation at 1,800 × g for 10 min at 4°C, and were stored at −20°C before being freeze-dried for 12 to 24 h. The freeze-dried samples were then ground through a 0.2-mm sieve, after which the viability of the cells was determined. Concentration of the cells was adjusted, if necessary, to 1 × 10 9 cfu/g using corn starch, and the preparations were stored at −80°C until use.
Birds and Diets
Two experiments were carried out. Each experiment used two hundred forty 1-d-old male broiler chicks (Avian-43). The chicks of each experiment were weighed individually, wing-banded, and assigned at random to 12 cages of 20 chicks each. Four cages were allocated to each of 3 dietary treatments: (i) basal diet (control; BD); (ii) basal diet with parental Lactobacillus strains (BDP); and (iii) basal diet with transformed Lactobacillus strains (BDT). A barley-based diet (60% barley) for chickens from 1 to 21 d (NRC, 1984) was used as the basal diet (Table  1) . Parental and transformed Lactobacillus strains were mixed daily into appropriate diets at a level of 0.1% (wt/wt). 
Experiment 1
This experiment was carried out to evaluate the effects of transformed Lactobacillus strains on the length and weight of various segments of intestine, weight of organs, morphology of intestinal tissues, intestinal fluid viscosity, and intestinal β-glucanase activity. The experimental period was 21 d.
Intestinal Characteristics and β-Glucanase Activity
At d 7, 14, and 21, three birds were removed from each cage and sacrificed by immersion in carbon dioxide. The entire digestive tract was removed and divided into the following sections: crop, gizzard, duodenum (pancreatic loop only), jejunum (from distal duodenal loop to Meckel's diverticulum), ileum (from Meckel's diverticulum to ileo-cecal-colonic junction), and cecum. The length of duodenum, jejunum, ileum, and cecum, and full weight of each segment were recorded. The weights of pancreas and liver were also recorded. The contents of each intestinal segment was expelled and retained for determination of intestinal fluid viscosity. The empty segments were then reweighed. At d 21, an additional 6 chickens from each cage were sacrificed. The intestinal contents from different segments were obtained from 3 of the chickens for determination of β-glucanase activity; the other 3 chickens were used for histological examination of tissues.
Determination of Intestinal Viscosity
The digesta samples collected from each segment of the gastrointestinal tract were weighed and kept on ice before centrifugation at 12,000 × g for 10 min at 4°C. The supernatant and pellet obtained from each sample were stored separately at −20°C until use. The supernatants were thawed on ice before the viscosity was measured using a viscometer. 2 Measurements were performed at 25°C and at shear rates from 22.5 to 450/s, with the values Downloaded from https://academic.oup.com/ps/article-abstract/84/5/734/1502450 by guest on 22 December 2018 expressed in centipoise (cP). The samples did not exhibit shear thinning at these shear rates.
β-Glucanase Activity in Different Intestinal Contents
The intestinal samples were diluted 10 times with icecold phosphate buffer (pH 7.0) based on sample weight, and vortexed thoroughly for 60 s. The samples were then centrifuged at 6,000 × g for 20 min at 4°C. The supernatant recovered was used to determine the β-glucanase activity (Waffenschmidt and Jaenicke, 1987 ). An enzyme control tube containing the supernatant incubated in a water bath at 100°C for 15 min to inactivate the β-glucanase was prepared for every test sample. The difference in reducing sugar concentration between the treatment tube and control tube was used to calculate the β-glucanase activity in the fresh gut content. One unit of β-glucanase activity was defined as the amount of enzyme required to liberate 1 micromole of glucose equivalent of reducing sugar per hour per kilogram of DM. The DM of the samples was analyzed following the method of AOAC (1984).
Villus Height and Crypt Depth
Digesta from the gastrointestinal tract were flushed using PBS at pH 7.4 to avoid damage to the tissues. Intestinal samples of 1 cm in length were taken from the middle of each segment of the duodenum, jejunum, and ileum. The gut samples were then fixed in 10% buffered neutral formaldehyde solution (pH 7.4), processed, and cut to 6µm sections. The sections were stained with hematoxylin and eosin and examined with a light microscope. A digital camera was used and the villus height and crypt depth were measured using Azio Vision 3.0. The villus height was measured by averaging the height of 15 intact villi, and crypt depth was measured by averaging 30 measurements.
Experiment 2
This experiment was conducted to study the effects of the transformed Lactobacillus strains on the feed passage rate of chickens. The experimental period was 23 d.
Feed Passage Rate
At d 7, 14, and 21, the chickens were fasted for 12 h, but were provided with water ad libitum. At the end of the fasting period, the chickens were given their respective treatment diets, which had been mixed thoroughly with 2% (wt/wt) chromic oxide. After 1 h, feed intake was recorded, and the marked feed was replaced with the normal treatment diets. Excreta were collected hourly for the first 8 h and at 12, 24, and 48 h after the birds 3 Varian Spectra 300/400, Melbourne, Australia. received the marked feed. The excreta collected from each cage were kept in a separate plastic bag at −20°C before drying at 60°C to constant weight. After drying, the excreta were equilibrated with atmospheric moisture, weighed, ground through a 1-mm sieve, and kept in tightly closed 100-mL plastic sample bottles until used for analyses. A sample of each marked treatment diet was obtained and processed through the same procedure. The chromium content of samples was measured using an atomic absorption spectrophotometer 3 following the method of AOAC (1984) .
The chromic oxide excreted was expressed as cumulative fractions of the total amount of chromium oxide determined at various sampling times during the 48-h collection period. The cumulative excretion curves of each diet were plotted and fitted to the Hill equation as recommended by Almirall and Esteve-Garcia (1994) . Times of 1% (T1) and 50% (T50) excretion, which were the times required to excrete 1 and 50% of the marker administered, respectively, were determined. The noncumulative excretion data were analyzed in which the amount of fecal chromium oxide content from each cage was calculated as a percentage of total amount of chromium oxide excreted during the 48-h period and presented in a graph form (Vergara et al., 1989) .
Statistical Analyses
The means of each parameter measured were analyzed by the GLM procedure for analysis of variance (SAS Institute, 1997) for the effects of dietary treatments. Significant differences among treatment means were separated by Duncan's new multiple range test at 5% of probability. Means within the same row with different superscripts differ significantly (P < 0.05) (n = 4). 
RESULTS
Length and Weight of Intestines and Organs
The length and weight of intestines and organs of chickens fed different dietary treatments were not significantly different at 7 and 14 d. However, at 21 d, supplementation of transformed Lactobacillus strains to the diet (BDT diet) significantly decreased the relative weights of all the organs, except for the crop, proventriculus, and gizzard ( Table 2 ). The reductions in relative weight of organs when compared with those of BD and BDP diets were: pancreas, 17.4 and 26.9%; liver, 6.3 and 7.6%; duodenum, 16.7 and 17.9%; jejunum, 11.1 and 7.0%; ileum, 18.8 and 11.7%; cecum, 11.6 and 9.5%; and colon, 18.2 and 18.2%; respectively.
Similar reductions were observed for lengths of intestinal segments when the diet was supplemented with transformed Lactobacillus strains ( Table 2 ). The effect was most pronounced in the ileum, in which 11.9 and 14.7% reductions were observed when compared with those of BD and BDP diets, respectively.
β-Glucanase Activities of Gut Contents of Broiler Chickens
The distribution of β-glucanase activity in different parts of the gastrointestinal tract of chickens is summarized in Table 3 . All the feed samples contained about 5.3 U/kg of DM intrinsic β-glucanase activity. Low levels of β-glucanase activity (2.46 to 4.59 U/kg of DM) were found in the gut contents and excreta of chickens fed BD and BDP diets and the levels of enzyme between these 2 groups of chickens were not significantly different. The βglucanase activities detected in the duodenum, jejunum, ileum, cecum, and colon (but not the crop and gizzard) of chickens fed the BDT diet were significantly higher compared with the activities detected in the corresponding intestinal segments of the other 2 treatment groups. The highest β-glucanase activity in the BDT-fed chickens was detected in the jejunum (27.35 U/kg of DM; about 1.9-to 9.4-fold higher than the activities detected in the other intestinal parts) followed by the ileum (14.53 U/kg of DM), and the lowest was in the crop and gizzard (2.92 to 3.19 U/kg of DM). Although the β-glucanase activity in the excreta of chickens fed the BDT diet was low (5.75 U/kg of DM), it was about 1.9-and 1.6-fold higher than those of chickens fed the BD and BDP diets, respectively (Table 3) .
Intestinal Fluid Viscosity
Supplementation of diet with transformed Lactobacillus strains significantly reduced the viscosity of intestinal fluid of chickens of all ages (Table 4 ). A significant effect was observed in BDT-fed chickens as young as 7 d old in which the jejunal fluid viscosity was lower (3.52 cP) compared with BD-fed (4.31 cP) and BDP-fed (4.20 cP) chickens. Although the fluid viscosities in the duodenum and ileum of BDT-fed chickens were numerically lower than those of the other 2 dietary treatments, they were not significantly different. However, at 14 and 21 d of age, the fluid viscosities in the duodenum, jejunum, and ileum were significantly reduced when transformed Lactobacillus strains were included in the diet.
Villus Height and Crypt Depth
The effects of different dietary treatments on the villus height and crypt depth of different intestinal segments are shown in Table 5 . The dietary treatments had no significant effect on either parameter measured in the duodenum and ileum. A significant difference was only observed in the jejunum of chickens fed the BDT diet. The jejunal villi were significantly longer compared with those from the other 2 dietary treatments. When the ratios of villus height to crypt depth were compared, a significantly higher ratio was obtained in the jejunum of chickens fed the BDT diet.
Feed Passage Rate
Cumulative Excretion Curves. The cumulated Cr excretion curves were sigmoidal (Figure 1) . The excretion patterns of chickens of all ages fed the 3 dietary treatments were similar (Figure 1 ). Estimations of time for the excretion of 1 (T1) and 50% (T50) of the administered marker for all treatments are shown in Table 6 . The excretion times were not significantly different between chickens fed BD and BDP diets at the different ages. However, for chickens fed the BDT diet, the times for excretion of 1 and 50% of the marker were significantly reduced compared with those fed the other 2 treatments. The T1 of chickens fed the BDT diet was reduced by 0.41 and 0.25 h (d 7), 0.46 and 0.21 h (d 14), and 0.28 and 0.41 h (d 21), respectively, compared with those of chickens fed the BD and BDP diets. The T50 of this group of chickens at different ages was also significantly reduced. Chickens fed the BD and BDP diets required approximately 6.3 to 6.9 h to excrete 50% of the administered marker, but chickens fed the BDT diet required about 4.2 to 4.9 h to excrete the same amount of marker.
Noncumulative Data of Marker Excretion. Excretions of marker in a noncumulative manner for chickens are shown in Figure 2 . A delay of 1 h in excretion of Cr was observed in chickens (of all ages) fed either the BD or BDP diet compared with chickens fed the BDT diet. In chickens (regardless of age) fed the BD or BDP diet, maximum excretion occurred at 4 h. However, when transformed Lactobacillus strains were added to the diet, maximum excretion occurred at 3 h. The peak of excretion was also higher when transformed Lactobacillus strains were included. After 4 h, the excretions of Cr from chickens (regardless of age) of all dietary treatments were not significantly different. The levels of excretion during this period were approximately 0.03 to 0.13%.
DISCUSSION
Results of the experiments indicated that the transformed Lactobacillus strains were able to express β-gluca- nase in vivo and influence the intestinal characteristics and the feed passage rate of the chickens. As observed, the transformed Lactobacillus strains affected the intestinal fluid viscosity. Measurement of intestinal viscosity is commonly used as an indicator to determine the effectiveness of enzymes (xylanase, β-glucanase, cellulase, pentosanase) to improve a viscous diet, namely, the wheat-and barley-based diets (Bedford and Classen, 1993; Esteve-Garcia et al., 1997) . The results of the present study showed that the viscosities of the duodenal, jejunal, and ileal intestinal fluid of chickens (14 and 21 d of age) fed a diet supplemented with transformed Lactobacillus strains were significantly reduced by 21.3 to 46.4% compared with those of chickens fed the other 2 treatments. This indicates that the β-glucanase produced by the transformed Lactobacillus strains successfully reduced the viscosity of the diet through partial depolymerization of the NSP or specifically, the intact β-glucan. The breakdown of Means within each column, within each age classification, with different superscripts differ significantly (P < 0.05) (n = 4). 1 BD = basal diet; BDP = basal diet + 0.1% (wt/wt) parental Lactobacillus strains; BDT = basal diet + 0.1% (wt/wt) transformed Lactobacillus strains. T1 is the time of excretion of 1% of the marker in excreta; T50 is the time of excretion of 50% of the marker in excreta.
NSP into smaller polymers prevents them from forming viscous networks (Malathi and Devegowda, 2001) . Bedford et al. (1991) reported that viscosities were significantly correlated only with carbohydrate fractions that existed as complexes greater than 500,000 Da; the addition of enzymes significantly reduced the size of the complexes and, thus, reduced viscosity. A study carried out by Fengler et al. (1998) showed that a cellulase extract from Trichoderma viridae dramatically reduced the excreta viscosity of chickens fed wheat-and rye-based diets. Fuente et al. (1998) found that the digesta viscosity of chickens fed a barley-based diet was reduced by 50 % with the addition of a commercial multienzyme complex containing β-glucanase and xylanase activities. Several other commercial enzymes such as Zymobest, Hostazyme, and Avizyme produced similar effects but with different magnitudes (Salih et al., 1991; Esteve-Garcia et al., 1997; Nahas and Lefrancois, 2001) .
As the stresses imposed on the intestinal tract were reduced in the presence of the transformed Lactobacillus strains, the weights of organs (pancreas, liver, duodenum, jejunum, ileum, cecum, and colon) and lengths of different intestinal segments (duodenum, jejunum, ileum, and cecum) were reduced. The presence of viscous and fibrous grains in the diet of the birds would increase the relative size and length of the digestive tract (Viveros et al., 1994) . This may be due to digestive tissue enlargement, as observed in rats fed a high-fiber diet (Zhao et al., 1995) . Furthermore, prolonged accumulation of undigested materials in the gut could cause distension of the gastrointestinal tract and an increase in relative length of the small intestine as a response to increased work of the bowel to move the contents (Rubio et al., 1990) .
In the present study, the reduction in relative weights of the pancreas, liver, duodenum, jejunum, ileum, cecum, and colon of chickens fed transformed Lactobacillus strains ranged from 6.3 to 26.9%, with the highest reduction observed in the pancreas, and the most pronounced reduction in length noted in the ileum. Increased pancreas size could be related to an increase in endogenous enzyme activities and secretion volume required to digest the viscous diet (Nahas and Lefrancois, 2001) . With the presence of β-glucanase (produced by the transformed Lactobacillus strains), the diet may be digested at a higher efficiency and, thus, the functional burden in the pancreas and intestinal tissues was reduced (Han, 1996) . Fuente et al. (1998) reported a 5% decrease in the weight of the intestinal tract of 30-d-old chickens when 330 U of commercial multienzyme complex obtained from Trichoderma longibrachiatum, T. viridae, and Aspergillus niger was added to the barley-based diet. They observed that the empty weight of the intestinal tract was linearly related to digesta viscosity. Correlations have been observed between digesta viscosity and the total weight of the gastrointestinal tract as well as the length of the intestine (Simon, 1998) . The addition of a commercial enzyme, derived from T. viridae (Roxazyme G), to a barley-based diet has been found to reduce the relative weights of the proventriculus (39%), pancreas (24%), liver (8%), duodenum (16%), jejunum (20%), ileum (18%), and colon (29%), and the relative lengths of the duodenum (12%), jejunum (22%), and ileum (24%) (Brenes et al., 1993) . A decrease in the length of the intestine following enzyme addition is presumably related to more efficient and rapid digestion of nutrients (Marquardt, 1996) . Although the positive effects of enzymes on the weight and length of the intestinal tract are well documented, several researchers have reported that supplementation of β-glucanase to a barleybased diet did not significantly influence the relative weight and length of the intestinal tract of chickens or weaned pigs (Yu et al., 1998; Yin et al, 2001) .
The transformed Lactobacillus strains significantly affected the characteristics of the intestinal tract macroscopically, but not microscopically. Histological examinations of tissue sections showed that the villus heights and crypt depths were not significantly different among the 3 dietary treatment groups for all parts of the intestinal segments examined, except for the jejunum. The jejunal villi were significantly longer in chickens consuming the BDT diet. According to Hampson (1986) , a shrunken villus decreases the area of active absorption in the intestine, and an increase in crypt depth decreases the activities of enzymes that are secreted from the tips of the villi. Yasar and Forbes (1999) suggested that an increase in villus height might also indicate a greater absorptive area. Only under unfavorable conditions, a reduction in proliferating cells in the crypts and a decrease in jejunal villus volume would be observed, as demonstrated by Uni et al. (2001) in thermal-conditioned chickens. Chiou et al. (1996) proposed that the absorptive function might be reflected by the ratio of villus height to crypt depth in the small intestine. A higher ratio would indicate higher absorptive function and vice versa. The results of the present study showed that the ratio of villus height to crypt depth was only significantly higher in the jejunum of chickens fed the BDT diet. This indicates that the absorptive function in the jejunum of these chickens was higher compared with the other groups. Iji et al. (2001) found no significant differences in villus heights and crypt depths of chickens fed diets with different viscosities during the first period of the experiment (7 d), but at the end of the second period (21 d), the ileal villi were significantly longer in chickens fed a less viscous diet. McDonald et al. (2001) reported similar observation in newly weaned pigs in which they found that the small intestinal villus height increased with low-viscosity carboxymethylcellulose, but decreased with high-viscosity carboxymethylcellulose. Smits (1996) , however, showed that inclusion of viscous carboxymethylcellulose in a broiler diet hardly affected the bird's gut morphology.
With the improved intestinal characteristics, the rate of feed passage in chickens fed the BDT diet was increased compared with those of chickens fed the BD or BDP diet. Chickens fed the BDT diet (regardless of age) took 4.5 h to excrete 50% of the administered marker, whereas chickens fed the other 2 dietary treatments took an additional 2.2 h to excrete the same amount of marker. In a study carried out by Almirall and Esteve-Garcia (1994) , the addition of β-glucanase significantly decreased the time for excretion of 50% of the administered marker by 3 h in 3-wk-old chickens. Salih et al. (1991) also found that the rate of feed passage was increased by the addition of β-glucanase to the diet of chickens at 2 wk of age. Almiral and Esteve-Garcia (1994) suggested that the rate of feed passage is related to the intestinal viscosity. At high intestinal viscosity, water is retained. This would affect the rate of feed passage, which is determined through the excretion rate of administered dietary marker. The marker would be mixed at a higher rate, owing to peristaltic movement, and, thus, the marker would be excreted at a reduced rate. However, with the presence of β-glucanase (as expressed by transformed Lactobacillus strains in the present study), the high waterholding capacity of the β-glucan was destroyed. Following this, a higher concentration of the marker would be excreted during each fecal excretion.
In conclusion, the results showed that the Lactobacillus strains used in the present study could be vehicles for heterologous enzymes in poultry. The transformed Lactobacillus strains could express the β-glucanase enzyme in chickens and improve the intestinal characteristics and feed passage rate of chickens.
